Abstract Single-pulse and double-pulse optical emission spectroscopy (OES) analyses were carried out in air by using ultrashort laser pulses at atmospheric pressure. The aim of this work is to use spectroscopic methods to analyze the early phase of laser-induced plasma after the femtosecond laser pulse. The temporal behavior of emission spectra of air plasma has been characterized. In comparison with the single-pulse scheme, the plasma emission obtained in the double-pulse scheme presents a more intense continuum along with several additional ionic lines. As only one line is available in the single-pulse scheme, the plasma temperature measurements were performed using only the relative line-to-continuum intensity ratio method, whereas the relative line-to-line intensity ratio method and the relative line-to-continuum intensity ratio method were used simultaneously to estimate the electron temperature in the double-pulse scheme. The results reveal that the temperature values obtained by the two methods in the double-pulse scheme agree. Moreover, this shows that the relative line-to-continuum intensity ratio method is suitable for early phase of laser-induced plasma diagnostics. The electron number density was estimated using the Stark broadening method. In the early phase of laser-induced plasma, the temporal evolution of the electron number density exhibits a power law decrease with delay time.
Introduction
With recent developments of the chirped pulse amplification technique (CPA) [1] , ultrashort laser pulse durations can now be achieved quite readily. The subsequent interest in the use of femtosecond laser, in consideration of its advantages in material science and analytical spectroscopy, has led to its considerable growth over the past 10 years [2−5] . Due to its extremely short pulse duration, the laser beam does not interact with the resulting plasma. The laser energy deposited into the material is highly localized and the undesired thermal effects are greatly reduced. Therefore, compared to long-pulse laser sources (nanosecond laser and picosecond laser), the physical mechanisms involved during the femtosecond laser-matter-interaction process are noticeably different.
One powerful technique to investigate the physical mechanisms of laser-matter-interaction is optical emission spectroscopy (OES) [6, 7] . Fundamental plasma parameters such as the electron temperature and the electron density can be obtained in this way. Generally, laser-induced plasmas (LIPs) are spectroscopic sources that experience a fast temporal evolution of their characteristic parameters, starting from plasma formation during the absorption of the laser pulse. Thus, the OES technique with high time resolution is especially appropriate for obtaining information about the behavior of the formed species as well as for studying the dynamics of the plasma expansion. The majority of works have used the technique in the diagnostics of plasma emission [8−10] ; however, the spectra were obtained by gating the detector at a certain delay with respect to the induced plasma onset to minimize the initial continuum emission due to Bremsstrahlung emission (free-free transitions) and radiative recombination (free-bound transitions). The essential reason for this is that it is difficult to study plasma when the spectrum is dominated by the continuum radiation. Moreover, the plasma generated by ultrashort pulses exhibits a faster thermalization and a shorter plasma lifetime than that in the case of longer laser pulses. The intended avoidance of initial continuum emission must also lead to the disregard of the physics mechanism involved in the early phase laser-matter-interaction process, which may be useful for plasma diagnostics in the actual OES measurements. To the authors' knowledge, only limited studies on the diagnosis during or soon after the laser pulse irradiation have been reported [11−13] . In our previous work, we investigated the effect of laser pulse energy on orthogonal double femtosecond pulse laser-induced air breakdown by spectroscopy analyses. A systematic study of the signal as a function of the inter-pulse delay between the two pulses was also performed, showing that the emission lines from ions exhibited a higher degree of enhancement when an optimum inter-pulse delay was used [14] . By a nogated detection system, the time-integrated emission spectra were used to study the mechanisms of the signal enhancement in the double-pulse scheme. In this work, we focus our attention on diagnosing the early phase LIPs produced in air with a femtosecond laser, with the aim of optimizing spectroscopic analyses of femtosecond-laser induced gas breakdown in both the single-and the double-pulse schemes. Single-pulse and double-pulse configurations were put into practice to yield two different LIPs which were used for the OES measurements. The time-resolved plasma temperature and electron number density of LIPs by OES were measured as early as 4 ns and up to 32 ns after the laser pulses. For plasma temperature measurements, two methods were used based on the relative intensities of lines from the same element (double line ratio, Boltzman plot) [15, 16] and the relative line-to-continuum intensities [17, 18] . The two methods were described in section 3.2, and the temperature values obtained from the two methods coincide within the error bound, indicating that the results are probably reliable despite the uncertainties involved. The electron number density was determined by measuring the Stark broadening of emission lines.
Experimental setup
Gas breakdown was induced using a Ti:Sapphire chirped-pulse amplification laser system emitting 33 fs pulses with the central wavelength 810 nm at 10 Hz repetition rate (Quantronix, Odin-II). The maximum output energy of the laser system is 3 mJ per pulse (0.8 mJ was used in this study). At the compressor stage, the beam profile is nearly Gaussian, and the initial beam-waist radius is 0.6 cm. A schematic of the experimental setup is shown in Fig. 1 . The seed laser beam was split into two parts by a 1:1 beam splitter (BS). The first beam was focused by a 100 mm focal length lens (L1) to produce an air breakdown and subsequently a laser-induced plasma, and the second beam was aligned perpendicularly to the first beam and focused by another 100 mm focal length lens (L2). The two laser beams were so aligned that they intersected to induce sympatric sparks. The second beam was equipped with a sub-micrometer resolution motorized translation stage (Model: TSA-50; resolution: 78.125 nm; travel range: 0-50 mm) which introduces a controlled change of the path length. In the previous work [14] , it was demonstrated that under the condition of zero inter-pulse delay time between the two laser beams the highest intensity of the emission signal could be achieved. Thus, a fixed inter-pulse delay of 0 fs was selected during the present double-pulse experiments. The optical emissions of the produced plasma collected directly with a quartz optical fiber (high-OH, core diameter 600 µm) were measured on a spectrograph (Mechelle 5000) equipped with an intensified charge-coupled device detector (ICCD) (Andor iStar DH-334T-18U-03). The spectral resolution was about λ/∆λ = 4000, ∆λ=0.125 nm at λ=500 nm. The quartz optical fiber was placed orthogonally to the direction of the two beams propagation at a 3 mm distance from the air spark. It should be noted that the lasers and the detection system were synchronized through a pulse/delay generator (Model: DG645). For the time-resolved measurements, the spectra were obtained by gating the ICCD detector at different time delays t d (0-60 ns) with respect to the induced plasma onset, and the gate width was set to 2 ns. Furthermore, in order to enhance the signal to noise ratio, data acquisition was performed by averaging the signal over 100 successive laser shots. 
Time-resolved emission spectra
To investigate the optical emission during the femtosecond laser-induced breakdown, the single-and double-pulse laser-induced plasma spectra of air were captured by the optical spectrometer detection system. Because of the transient nature of laser-induced plasmas, various populations presented in the plume evolve rapidly with time.
Figs. 2 and 3 illustrate the temporal history of air plasma generated in the single-pulse scheme and double-pulse scheme, respectively. Fig. 2 displays a part of the time-resolved emission spectra from laserinduced air plasma in the single-pulse scheme. One can see that the plasma emission presents a weak continuum that increases with time up to ≈12 ns. This emission is attributed to the Bremsstrahlung process (collisions of electrons with ions and atoms) and recombination of electrons with ions. For increasing delay in the range of 4 ns ≤ t d ≤12 ns, the intensity of N (I) (746.8 nm) and O (I) (777.2 nm) lines increase steeply as a consequence of plasma heating. When the delay further increases (t d ≥12 ns), the continuum drops rapidly as a consequence of the expansion and cooling of plasma and of its recombination into excited atoms while the oxygen and nitrogen atomic lines decay over a much longer period [19] . Due to the low laser energy (0.4 mJ), only a few atomic lines can be observed in the single-pulse experiment. In Fig. 3 , one can see that during the initial stages after the laser pulses (t d ≤ 10 ns), O (II) and N (II) emission lines growing above the intense continuum dominate the spectra, and no apparent O (I) and N (I) lines are observed. When the delay is increased further (t d ≥14 ns), the intensity of ionic lines steeply decreases as a consequence of the expansion, recombination and cooling of the plasma. At the same time, the ionic lines become progressively narrower as a consequence of the decreasing electron number density. At t d ≈ 30 ns, the ionic lines practically disappear. The intensities of the O (I) and N (I) lines are appreciable for t d ≥ 12 ns and reach their maximum around 16 ns and 30 ns, respectively. From Figs. 2 and 3, we can see that the temporal behavior characterization in the early phase double-pulse induced plasma is quite different from that in the single-pulse experiment. In the double-pulse scheme, it is worth noting that the emission intensity of the ionic species decreases more rapidly than the emission intensity of the atomic lines. The time duration of the ionic species was nearly 20 ns just in the early phase laser-induced air breakdown, while the time duration of atomic lines was more than 60 ns (maximum delay studied here). On the other hand, the time at which the intensity of ionic lines reaches maximum is earlier than the time at which the intensity of the excited atomic lines starts to increase. The evident delay between the maxima intensity of the ionic lines and that of atomic lines is the effect of the additional amount of atoms produced by the recombination of ions with electrons. The comparison of the atomic lines between the cases of single-and double-pulse is also shown in Fig. 4 . One can see that for the single-pulse scheme, the time for atomic lines to appear is much earlier than that in the double-pulse scheme. This behavior can possibly be attributed to the difference of the time at which the plasma temperature starts to decrease in the two schemes (see Fig. 7 ). Fig.4 The intensity of several selected emission lines as a function of delay time for both single-pulse (SP) and doublepulse (DP) experiments
Plasma temperature and electron number density
Knowledge of the plasma temperature and electron number density is fundamental for understanding the excitation and ionization processes. Under the assumption of local thermodynamic equilibrium (LTE), the population densities of atomic or ionic electronic states are described by Boltzmann distributions, and the electron temperature T e can be assumed equal to the excitation temperature T exc , namely T e =T exc = T . Therefore the plasma temperature (T ) (in K) can be determined by two methods: the relative line-to-line intensity ratio for transitions of the same element (SahaBoltzmann plot or Boltzmann plot), and the relative line-to-continuum intensity ratio. For plasma temper-ature measurements, any calculation based on line-toline ratio is achievable only if two or more line transitions lie within the spectral window of the spectrograph. However, compared to the line-to-line method, the relative line-to-continuum method has the advantages of: a. it needs just one emission line; b. experimental errors have a small effect on the accuracy; and c. it is suitable for the early phase LIP diagnostics since continuum and line emission are of comparative magnitude. In this work, both methods were used to diagnose the plasma temperature in the early phase laser-induced air breakdown.
As only one line [O (I)] is available within the spectra of single-pulse laser-induced air plasma, we use the relative line-to-continuum method to measure the electron temperature. The equation for the relative lineto-continuum intensity ratio is given by:
where, C r = 2 × 10 −5 (sK); ε l and ε c are the line emission coefficient and the continuum coefficient, respectively; the ε l /ε c ratio can be calculated from the integrated line intensity and continuum intensity for a certain bandwidth. A ki g k is the Einstein transition probability weighted by the upper energy level degeneracy. U i is the partition function for ion, which is a weak function of temperature. λ c and λ l are the continuum wavelength and center wavelength of the spectral line in nm units, respectively. E i and E k are the ionization potential and the upper level energy, respectively. ∆E i is the lowering of the ionization potential of atoms in the presence of a field of ions and is small enough to be ignored; ξ is the free-bound continuum correction factor. G is the free-free Gaunt factor, which is a weak function of temperature and electron density that improves the theoretical description of the free-free continuum. The constants h, c and k are the Planck's constant, the speed of the light, and the Boltzmann's constant, respectively.
To illustrate Eq. (1) above, we calculated the theoretical values of the ratio of ε l /ε c as a function of wavelength for several bandwidths. The results of these theoretical calculations are plotted in Fig. 5 , which may be used to relate experimentally measured ratios to temperature. The values for parameters of the oxygen continuum and line radiation at 777.2 nm were obtained and are listed in Table 1 [20−22] . For the relative line-to-line intensity ratio method (Boltzmann plot), the plasma temperature can be estimated with the following equation:
where I, λ, A ki , g k , E k , k and T e are the relative intensity, wavelength, transition probability, statistical weight, energy of the upper level, Boltzmann's constant, and electron temperature, respectively. With the measured relative intensities of several emission lines, a plot of the logarithmic term in the equation versus E k can be plotted. The result T e is a straight line with a slope equal to −1/kT e , allowing T e to be readily obtained. Based on the equation, the Boltzmann plot for two emission lines [N (II) 500.5 nm and N (II) 567.2 nm] in the double-pulse scheme is shown in Fig. 6 . The spectral line wavelengths, energies of the upper levels, statistical weights and transition probability used for these lines were obtained from NIST [22] , as summarized in Table 2 . The obtained electron temperature was 20838 ± 372 K. The experimental errors in temperature calculation (disregarding the systematic error coming from the uncertainty of transition probability A ki ) are of the order of 2%, coming mainly from the uncertainties of the intensities and the fitting of the line profile. The temporal evolution of plasma temperature deduced from the two methods is shown in Fig. 7 . In the single-pulse scheme, after 4 ns and before 20 ns, the line and continuum intensity are comparable (see Fig. 2 ), and good measurement precision of the ratios can be obtained for temperature calculation. From Fig. 7(a) , one observes that in the early phase of plasma evolution, the plasma temperature dropped rapidly from 19,000 K to 6,600 K due to the expansion of the plasma. In the double-pulse scheme, the plasma temperature was obtained by the two methods for two delay intervals, as shown in Fig. 7(b) . One can see that the plasma temperature is rapidly elevated up to 21,000 K at a delay time of 12 ns (delay time is the time after the onset of breakdown). When the time is greater than 12 ns the temperature is rapidly reduced to about 11,000 K at a delay time of 32 ns and then slowly decreases afterwards. The smooth transitions between the temperature values obtained by the two different methods indicate that the results are probably reliable despite the many uncertainties involved. It has been established that the decrease of these plasma temperature arises mainly from the expansion of the plasma. During the expansion, the thermal energy is converted into kinetic energy, and the plasma cools down rapidly. The emission spectra reveal noticeable line broadening (see Figs. 2 and 3) . The Stark broadening from the collisions of charged species (ions and electrons) is the primary mechanism in laser-induced plasmas. 
The first term in Eq. (3) describes the broadening caused by electron-emitter collisions. The second term describes the broadening due to ion-emitter interactions. For the conditions used in this experiment, the Stark broadening is dominated by electron collisions so the second term can be ignored. The ∆λ , the electron number density in the early phase of the femtosecond laser-induced air plasma was calculated. Fig. 8 gives the time evolution of the electron number density for both singleand double-pulse schemes. The statistical error of the electron number density due to the uncertainty in experimental widths and temperature is below 8%. It can be seen that the electron number density is very high, dropping rapidly from 3. for the double-pulse measurement. The decrease in electron number density is mainly caused by the recombination between electrons and ions in the plasma. These processes correspond to the so-called radiative recombination and three-body recombination processes in which a third body may be either a heavy particle or an electron. In any case, the estimated values of N e in the time window observed indicate that the LTE condition is satisfied because the electron collision rates exceed the radiative rate by at least a factor of 10 [24] . Thus, the necessary condition for the LTE assumption is [25, 26] :
where ∆E (in eV) is the largest energy transition for which the condition holds and T (in eV) is the temperature. At the highest temperature actually obtained, the condition of Eq. (5) gives a lower limit of the electron density of N e = 1.33 × 10 16 cm −3 . Over the timespan investigated, the measured electron densities are higher than this critical value. Therefore, the assumption of LTE is valid.
Conclusion
Ultrashort laser pulses have been applied to the analysis of air plasma by time-resolved OES measurements. The main efforts of this work have been concentrated on the early phase (<34 ns) of laser-induced plasmas. The temporal characteristics of the spectral emission in single-pulse and double-pulse schemes have been investigated, which shows an evident difference between them. The results reveal that the recombination of ions with electrons is the most important source of atoms in the laser-induced plasma. Consequently, the measurements of early phase plasma temperature have been properly performed by two methods: the relative line-to-line intensity ratio method and the relative line-to-continuum intensity ratio method. The difference between the temperature values obtained by the two methods in the double-pulse scheme can be ignored in the error range, which indicates that the results are probably reliable despite the many uncertainties involved. Meanwhile, electron number density estimations were made using the Stark broadening method. Based on our observations and calculations, we conclude that the analysis of the early phase laser-induced plasma can provide additional insight into the physics mechanisms involved during lasermatter-interaction processes, especially for diagnosing the plasma of short life induced by femtosecond laser.
